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EVALUATION OF FERTIGATION APPLIED TO FURROW AND 
OVERHEAD IRRIGATED COTTON GROWN IN A BLACK 
VERTOSOL IN SOUTHERN QUEENSLAND, AUSTRALIA 
D. L. Antille 
ABSTRACT. Field trials were conducted at gated pipe surface and overhead irrigation sites established to cotton 
(Gossypium hirsutum L.) to evaluate irrigation and fertigation management using a model-based control system. The 
control strategies determined the timing and volume of irrigation, and the rate of fertilizer-N to apply through fertigation. 
For this, nitrogen (N) was applied in-crop season using urea ammonium nitrate (UAN, 30% N solution) at a rate of 40 kg 
ha
-1
 N. At the furrows site, the uniformity of distribution of fertilizer-N applied through fertigation was satisfactory, which 
was achieved both at distance (600 m) and depth (0-600 mm). Applying fertilizer-N through fertigation, at the rate used in 
this study, showed relatively small (≤8%) improvements in cotton yield, which was explained by relatively high N rates 
(180 kg ha
-1
 N) applied before planting. Given current price ratios (fertilizer-to-cotton), application of N through 
fertigation appears to be economical in both systems, but relative agronomic efficiencies and economic return from the 
fertilizer applied were lower in furrow compared with overhead (P<0.05). Fertigation may be recommended when pre-
season N application rates are low (e.g., <100 kg ha
-1
 N), particularly in overhead irrigation as significantly higher 
efficiencies both in terms of water and N use can be achieved with this system. This would enable some of the operational 
constraints associated with application of N in-crop season to be overcome; thereby, reducing the need for high rates of N 
applied up-front. For the overhead system, there were also advantages compared with the furrow system in terms of 
reduced potential for N2O emissions after irrigation or fertigation. Overall, short-term (30-day period) soil emissions of 
N2O were approximately eight times higher in furrow compared with overhead. Emissions from non-fertigated crops were 
approximately two times higher in furrow compared with overhead. Emissions from the fertigated crop under the 
overhead system were comparable to the non-fertigated crop of the furrow system (P>0.05). In both systems, fluxes were 
highest within five days of irrigation or fertigation, but they decreased significantly after that time as soil moisture content 
(water-filled pore space) and soil nitrate levels decreased due to crop uptake. Nitrous oxide fluxes were similar in furrow 
and overhead 15 days after the irrigation or fertigation event. Areas that warrant further investigation are presented and 
discussed, including the need for improved timing of fertilizer delivery during the irrigation cycle to ensure that N losses 
through leaching or gaseous evolution (e.g., N2O, N2) are not economically or environmentally significant. 
Keywords. Greenhouse gas emissions, Irrigated cotton, Nitrogen use efficiency, Urea ammonium nitrate, Water-run urea. 
he majority (≈80%) of cotton (Gossypium 
hirsutum L.) grown in Australia is irrigated using 
furrow and overhead irrigation systems in 
approximately 90% and 10% of the area, 
respectively (Roth et al., 2013). The dominant soil types in 
the main cotton-producing region are Vertosols (Vertisol in 
the USDA Soil Taxonomy), which are characterized by 
their swelling and shrinking properties (Yule and Ritchie, 
1980; Isbell, 2002). Between half and two-thirds of the 
nitrogen (N) fertilizer is applied to the crop before planting, 
typically between May and October (CRDC, 2016). 
Fertilizer may be injected as anhydrous ammonia (82% N) 
or incorporated into the soil as straight N in granular 
formulations (e.g., urea, 46% N) or NPK blends. The 
balance of N-fertilizer may be side-dressed or applied 
through fertigation in-crop season. In surface irrigation 
systems, fertigation is applied as ‘water-run urea’ by 
dissolving the fertilizer in the irrigation distribution 
channels or by injecting a N solution into a gated pipe. In 
overhead irrigation, the N solution is injected into the 
pressurized system. The fertilizer solution is subsequently 
delivered to the crop with the irrigation water (Wallace and 
Rochester, 2013). The irrigation performance influences 
the efficiency of fertigation by affecting the uniformity of 
distribution of water both spatially and at depth, and 
consequently the rate of fertilizer applied to the crop (Bar-
Yosef, 1999). Recent research (e.g., Scheer et al., 2013; 
Macdonald et al., 2015, 2017) has shown that losses of N 
(leaching, runoff, and gaseous emissions) from intensively-
managed irrigated cotton systems are significant, both from 
the environmental and economic perspectives, which cost 
the Australian cotton industry more than AUD30 M each 
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year (AUD 1 ≈ USD 0.75). Nitrous oxide (N2O) is largely 
produced under conditions of high (>60-80%) water-filled 
porosity (Li et al., 2005) when nitrate (mainly from 
fertilizer-N) and soil organic carbon (mainly from crop 
residues) are available (Antille et al., 2015; Dang et al., 
2017). Hence, N2O emissions can be exacerbated by 
addition of synthetic N fertilizers via fertigation. Other 
research (e.g., Chantigny, 2003) has also shown that 
application of urea-based fertilizers can stimulate 
desorption of soil organic carbon (SOC). Such mechanism 
may increase the amount of dissolved organic C (DOC) in 
the irrigation water, which therefore provides a readily 
available source of C used for microbial denitrification 
(Weier et al., 1993; Pittaway et al., 2017). This process, 
coupled with dissolved (inorganic) N from applied 
fertilizer, sets the conditions for increased N2O and N2 
emissions thereby affecting the overall efficiency of N 
applied via fertigation. These considerations are of 
importance in practice because the heavy-textured soils in 
which cotton is grown are prone to sustained waterlogged 
or near-saturated conditions after irrigation is applied, 
particularly, in surface irrigation systems (Rochester and 
Constable, 2000; Bange et al., 2004). Despite this, 
fertigation offers cost advantages compared with other 
methods of fertilizer application (e.g., side-dressing), and it 
also allows the timing of application to be better 
synchronized with crop demand for water. This, in turn, can 
lead to increased fertilizer-use efficiency because of the 
positive nitrogen × soil water effect on crop uptake, once 
field capacity is restored (Scarsbrook et al., 1959; Wang et 
al., 2017). Soil incorporation of granular fertilizers can also 
cause mechanical damage (root pruning) to established 
crops, which is avoided with the use of fertigation (Ennis, 
1955; Snipes and Mueller, 1992). Whilst fertigation 
provides flexibility to manage nutrients, efficient irrigation 
management is also required to ensure that the duration of 
waterlogged conditions post-irrigation is minimized, and 
that fertilizer-N recovery and crop yield are not 
compromised (Hodgson and MacLeod, 1988; Hou et al., 
2007; Wei et al., 2012). 
The considerations for N management addressed in this 
work are relevant in the current scenario (e.g., Angus and 
Grace, 2017) because the Australian cotton industry is 
committed to a 20% reduction in greenhouse gas emissions 
from (direct) energy use on-farm and applied N fertilizers 
by 2019. Such emission reduction target is relative to the 
2014’s on-farm carbon footprint levels associated with 
cotton production, which were estimated at ≈400 kg CO2 
per (metric) ton of lint (Hedayati et al., 2015). At present, 
there is little information available for the Australian cotton 
industry discussing the overall efficiency of N applied via 
fertigation, despite that this practice is widely used and that 
it is recommended under current cotton nutrition guidelines 
(e.g., NUTRIpak, Australian Cotton CRC, 2001). 
Therefore, field-scale experimental work was undertaken to 
acquire background dataset to quantify the agronomic 
efficiency of fertilizer-N applied via fertigation, including 
quantification of short-term soil emissions of N2O 
following irrigation. This dataset may be used to inform 
fertilizer management guidelines for in-crop season 
application of N through fertigation, which may enable 
future experimental and modeling work to be undertaken. 
 
OBJECTIVES AND SCOPE 
The objectives of this study were to: (1) investigate the 
uniformity of distribution of fertilizer-N applied through 
fertigation both in the soil profile and along the furrows, 
(2) estimate use efficiency of fertilizer-N applied through 
fertigation to overhead- and furrow-irrigated cotton crops, 
(3) measure short-term nitrous oxide (N2O) emissions after 
fertigation of furrow- and overhead-irrigated cotton crops, 
and (4) provide recommendations for improved N 
management in fertigated cotton, and highlight areas that 
require further research. 
Whilst acknowledging the need to conduct longer-term 
field experimentation and with high frequency sampling 
that accounts for seasonal and inter-annual effects on N2O 
emissions and soil N dynamics, this work informs about the 
likely use-efficiency of N fertilizer applied through 
fertigation. The dataset reported here is also relevant to 
alternative fertigation methods such as ‘water-run urea’, 
which are widely employed within the Australian cotton 
industry and overall whose efficiency is not well 
documented. As such, this work is central to a broader 
scope of research funded by the Australian Government 
under the ‘More Profit from Nitrogen Program’ 
(http://www.crdc.com.au/more-profit-nitrogen). This 
program aims to achieve increased farm profitability and 
reduced environmental impact by increasing N use 
efficiency of intensive cropping and pasture systems, 
including cotton, dairy, sugar and horticulture. 
MATERIALS AND METHODS 
EXPERIMENTAL SITES 
The study was conducted in a commercial cotton farm 
(27°28’07.48” S, 151°34’43.74” E, elevation: 388-m 
above-sea-level) located in Yargullen (SE Queensland, 
Australia) at two adjacent experimental sites referred to as 
furrow and overhead irrigated fields, respectively. Long-
term and seasonal (farm) rainfall and temperature records 
for Yargullen are shown in figure 1. The soil at the sites is 
described in Isbell (2002) as a Black Vertosol, which has 
shrinking-swelling behavior and is representative of the 
soils that occur within the main cotton-producing region in 
Australia. The overhead site is relatively flat (slope 
<0.10%) while the furrows site had been graded to a 
uniform slope of 0.20%. A general characterization of the 
soils at both sites was conducted prior to the experiments as 
shown in table 1. Surface water infiltration was measured 
using the double-ring infiltrometer method (Parr and 
Bertrand, 1960). Infiltration rates were subsequently 
obtained by differentiating Kostiakov’s equation (Ft = a × 
t
n
) with respect to time to describe the relationship between 
the rate of infiltration and time (It = a × n × t
n-1
). Infiltration 
measurements were replicated three times (n=3). 
Experiments were conducted over three cotton growing 
seasons (2013/2014, 2014/2015, and 2015/2016) at the 
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furrows site and over one season (2014/2015) at the 
overhead site, respectively. Both sites had similar cropping 
sequences [e.g., corn (irrigated)-winter cereal (non-
irrigated)-long fallow-first cotton-winter fallow-second 
cotton], which are common across the Australian cotton 
regions (e.g., Hulugalle et al., 2016). In Australia, cotton is 
grown between September and April, but optimum timing 
of planting and harvest vary depending upon the growing 
region, the year-specific climatic conditions, and irrigation 
water availability (Bange and Long, 2011; Braunack et al., 
2012). Cotton was planted each year between the 20 and 30 
October at 40-in. (≈1-m) row-spacing at a density of 14 
plants per m, which given the configuration of this system 
equates to 14 plants per m
2
. The cotton varieties grown at 
the sites were Sicot 74BRF (furrow) and 75RRF 
(overhead), which are indeterminate and commonly used in 
irrigated systems in southern Queensland (Bange et al., 
2008). Seedbed preparation involved non-inversion shallow 
tillage (≈150 mm) at both sites; except for forming the 
furrows at this site prior to establishment of the first cotton 
crop. 
At the furrows site, measurements were conducted from 
two field strips (width: 54-m, furrow length: 600-m), which 
were established to compare fertigated and non-fertigated 
crops, respectively. These strips were separated by a buffer 
strip of equal dimensions that prevented cross-
contamination of the non-fertigated crop used as a control. 
The buffer strip was also established to cotton and managed 
as per standard farm practice, but had no N applied in-crop 
season. The width of the strips was chosen to match that of 
the irrigation shift of a 6-inch diameter gated pipe used in 
the furrow irrigation system, and water delivered from 
outlets placed at every other furrow using a skip row 
strategy (Subramani and Martin, 2012). At the overhead 
site, fertigation was applied to one-fifth (≈10 ha) of the 
total irrigated area (52 ha) and measurements conducted on 
a 9-m wide strip under the fifth span of a 7-span center 
pivot equipment. The width of this strip was chosen to 
match that of a 9-row cotton planter and compatible with an 
18-m boom sprayer, both available at the farm. Blanket 
fertilizer applications were performed each year prior to 
planting (early to middle of September) based on standard 
agronomic practice (Rochester and Bange, 2016) at a rate 
of 180 kg  
ha
-1
 N (≈390 kg ha-1 urea) in a granular blend containing  
45 kg ha
-1
 P2O5, 20 kg ha
-1
 K2O, 60 kg ha
-1
 SO3, and 1.85 
kg ha
-1
 ZnO, and incorporated to a depth of 150 mm. The 
fertilizer used for fertigation was urea ammonium nitrate 
 
Figure 1. Long-term (1971-2010) and in-crop season (2013-2016) rainfall and temperature records. Historical data for Yargullen (QLD, 
Australia, 27°43’ S, 151°72' E, elevation: 406-m above-sea-level, BOM Station No.: 041359) (after BOM, 2016). In-crop season data was 
recorded on-site (27°28’07.48” S, 151°34’43.74” E, elevation: 388-m above-sea-level). 
Table 1. Characterization of the Black Vertosols at the furrow and overhead sites located in  
Yargullen (QLD, Australia) as recorded prior to the experiment (baseline levels).[a] 
Determination, Unit Furrow Site Overhead Site Method 
Sand (>20 μm), % (w/w) 9.6 ± 0.58 11 ± 0.70  
Bouyoucos (1962) Silt (2-20 μm), % (w/w) 18.7 ± 1.15 22 ± 2.00 
Clay (<2 μm), % (w/w) 71.7 ± 1.53 67 ± 2.08 
Field capacity,% (w/w) at ⅓ bar 40.4 ± 3.11 38.7 ± 1.53 Cassel and Nielsen (1986) 
Soil bulk density, kg m-3 1040 ± 85 1020 ± 8.0 Blake and Hartge (1986) 
Total porosity of soil, % 60.8 ± 4.96 61.5 ± 0.48 From density properties (ρp =2650 kg m
-3) 
Soil pH1:5 (soil/water suspension) 8.4 ± 0.01 8.2 ± 0.07 Rayment and Lyons (2011) 
EC1:5 (soil/water extract), dS m
-1 0.22 ± 0.001 0.34 ± 0.008 Rayment and Lyons (2011) 
Soil organic C, % (w/w) 1.57 ± 0.020 2.07 ± 0.08 Walkley and Black (1934) 
Total N in soil, % (w/w) 0.11 ± 0.040 0.18 ± 0.010 Bremner (1960); MAFF (1986, Method 49) 
Soil mineral N, mg kg-1 18.2 ± 4.57 15.5 ± 5.01 MAFF (1986, Method 53) 
Soil extractable P, mg kg-1 61.5 ± 19.09 21 ± 8.79 Colwell (1963) 
Infiltration rate, mm h-1 It = 30.45t
-0.67, R2=0.75 It = 37.94t
-0.74, R2=0.96 Parr and Bertrand (1960) 
[a] Mean values (n=3) ± standard deviation (SD). Depth range: 0-200 mm, except for soil mineral nitrogen (N): 0-600 mm. 
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(UAN, 30% N, solution) applied in-crop season at a 
standard farm rate of 135 L ha
-1
 (≈40 kg ha-1 N) with a 
Venturi injector (orifice’s d =0.5 mm). Liquid fertilizer was 
injected at an average (±SD) rate of 0.05 ± 0.02 L s
-1
 for an 
average (±SD) irrigation water flow of 2 ± 0.28 L s
-1
. The 
application of fertilizer was conducted during the first-third 
to first-half of the irrigation event. The reader is referred to 
McCarthy et al. (2016) where full specifications and 
graphical information about the solar-powered fertilizer 
injection system, and hydraulic characteristics of the 
irrigation systems are provided. Fertigation was applied on 
6 February 2014 (first season), 25 January (second season), 
and 18 February (third season), respectively, based on 
external agronomic advice given to the grower. Supplemen-
tary irrigation was applied to the crop with underground 
water (pH =8.3, EC =1.62 dS m
-1
) using the VARIwise 
model-based control system (McCarthy et al., 2010). The 
control strategies specified within VARIwise determined 
the day to irrigate and volume of irrigation, and the 
application of this model to the work reported here is 
discussed in McCarthy et al. (2016). The rate of irrigation 
typically varied between 80-100 mm (or 0.8-1.0 ML ha
-1
) 
and between 25-35 mm per irrigation event at the furrows 
and overhead sites, respectively. These rates were 
consistent with irrigation practices reported for the 
Australian cotton region (e.g., Tennakoon and Milroy, 
2003) although McCarthy et al. (2016) have reported 
improved timing of irrigation using the VARIwise model-
based adaptive control strategy. 
MEASUREMENTS AND ANALYSES 
Cotton yield (lint + seed) was measured in all three 
cropping seasons (2013/2014-2015/2016) to determine the 
effect of fertilizer-N applied via fertigation. Lint and seed 
yield was determined within a week before defoliation by 
collecting three 1-m whole-plant samples from the 
fertigated and non-fertigated crops from each of the 
sampling points located at 150, 300, and 450 m along the 
furrows, respectively (n=18). Cotton balls were oven-dried 
at 40°C for 48 h to achieve uniform moisture content in all 
samples. The lint and seed were manually separated from 
carpels, weighted, converted to kg per ha equivalent, and 
reported. Yield is also reported as bales per ha, which is the 
standard unit used in Australia (1 bale = 227 kg of lint). 
The agronomic efficiency was derived by dividing cotton 
yield by the rate of N applied as fertilizer. In the second 
crop season, additional measurements were conducted to 
quantify fertilizer-N recovery in cottonseeds at harvest. 
Total seed-N for both fertigated and non-fertigated crop 
was conducted based on MAFF (1986, Method No.: 48), 
which involves conversion of N in the sample to 
ammonium-N (NH4
+
-N) by Kjeldahl digestion with sulfuric 
acid (H2SO4) and sodium sulfate (Na2SO4) with a copper-
selenium catalyst. The ammonia released with sodium 
hydroxide (NaOH) is removed by steam distillation and 
determined titrimetrically. Conditioning of samples for 
total seed-N analyses was based on the technique used by 
Rochester (2012). Total seed-N data for true controls (zero-
N) was obtained from Antille (2017), which enabled 
apparent N use efficiency (NUE) to be estimated for the 
2014/2015 season. These relationships are shown in 
equations 1 and 2, respectively (Baligar et al., 2001). 
 F
RATE
Y
AE
N
   (1) 
 0 100F F
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NUE
N
    (2) 
 
where AE is agronomic efficiency (kg kg
-1
), and YF is cotton 
yield (lint + seed, kg ha
-1
) corresponding to fertilized crops. 
NUE is N use efficiency (%) based on apparent N recovery 
in cottonseed, UF and UF=0 are N recoveries in cottonseed 
(kg  
ha
-1
 N) from fertilized- and non-fertilized (zero-N) crops, 
respectively, and NRATE is total N rate applied as fertilizer (kg  
ha
-1
). 
Uniformity of distribution of fertilizer-N applied 
through fertigation (furrows site) was determined in water 
running on furrows during the fertigation event and 
compared with water samples taken from non-fertigated 
furrows where only irrigation had been applied. At the 
furrows site, soil samples were also collected from the 
corresponding strip before and after application of 
irrigation or fertigation. For both soil and running water, 
sampling was conducted at the three locations down-furrow 
(150, 300, and 450-m, respectively) where yield 
measurements were performed, and samples subject to 
determination of mineral N (MAFF, 1986, Method No.: 
53). Additional water samples were collected directly from 
the irrigation systems to determine background mineral N 
levels in irrigation water. Soil mineral N (SMN) was 
extracted with a 2 mol L
-1
 solution of potassium chloride 
(KCl), and reported as the sum of nitrate-N (NO3
-
-N) and 
ammonium-N (NH4
+
-N). Measurements of SMN were 
conducted between 48 and 72 h after the irrigation or 
fertigation event to a depth of 600 mm at regular 
increments of 200 mm in the furrow system and from the 
top 200 mm in the overhead system. Differences in the 
sampling depths selected for the furrow and overhead sites 
were consistent with the amount of water applied through 
irrigation. Soil samples were collected from the centerline 
of the interrow in both irrigation systems. 
NITROUS OXIDE EMISSIONS 
Short-term soil emissions of nitrous oxide (N2O) from 
fertigated and non-fertigated crops were measured and 
compared for both irrigation systems (season: 2014/2015) 
using the static chamber technique (Chadwick et al., 2014) 
and quality criteria as outlined by De Klein and Harvey 
(2015). Four cylindrical chambers (dimensions: 250 mm 
diameter, 0.01 m
3
 headspace volume) were inserted into the 
soil surface to a depth of 100 mm, and placed at the 
centerline of the interrow (fig. 2). At the furrows site, 
chambers were placed on irrigated furrows (every other 
furrow) whereas at the overhead site, chambers were placed 
on adjacent interrows, and wheel lanes were avoided 
(Tullberg et al., 2018). Gas samples were taken the day 
before (day -1), the day of irrigation or fertigation (day 0), 
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at days 1 through to 5, and subsequently at 7, 10, 15, 20, 
25, and 30 days after the treatments were applied. This 
enabled fluxes to be measured over a wetting and drying 
phase, respectively. Gas samples were extracted with a 25-
mL syringe from the headspace into pre-evacuated 12-mL 
glass vials at 0, 20, 40 and 60 minutes after enclosure, 
respectively (Melland et al., 2017). Sampling was 
conducted between 9 A.M. and 12 P.M. to reduce the 
expected variability in experimental observations caused by 
diurnal patterns of soil emissions (Christensen, 1983); 
except at day 0 at which samples were taken in early 
afternoon because of the timing of irrigation. Nitrous oxide 
concentrations were measured using gas chromatography 
(Shimadzu GC-2014, Kyoto, Japan). Flux rate calculations 
were estimated from the slope of the linear increase in N2O 
concentration within the closed chambers over the 60-min 
closure time (van der Weerden et al., 2012). Flux rates 
estimates were discarded when R
2
 was <0.75. The flux rate 
was then calculated with equation 3. All flux rate estimates 
were corrected for air temperature during measurements 
and site pressure (eq. 4), expressed on an elemental weight 
basis (µg N2O-N m
-2
 h
-1
), converted to g N2O-N ha
-1
 day
-1
, 
and reported. 
 
6
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
 
  (3) 
where F is flux rate, β is increase in headspace concentra-
tion (ppb min
-1
), VCH is chamber volume (m
3
), MW is 
molecular weight of the gas (28 g mol
-1
 N-N2O), ACH is 
chamber area (m
2
), and MVc is temperature-corrected 
molecular volume (m
3
 mol
-1
). Factors 60, 10
-6
 and 10
-9
 
convert from min to h, g to µg, and ppb to µL m
-3
, 
respectively. And, 
 0
1
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 
   
 
  (4) 
where MVc is temperature-corrected molecular volume (m
3
 
mol
-1
), 0.02241 mol L
-1
 equates to 22.41 mol m
-3
 volume, 
273.15 converts Kelvin to Celsius, T is air temperature 
during the measurements (°C), and P0 and P1 are the air 
pressure at sea level and at the experimental site, 
respectively. Emissions are reported as daily and 
cumulative N2O fluxes over the 30-day period. 
Volumetric soil moisture content was measured at each 
sampling event (depth range: 0-100 mm) using a 
capacitance probe, previously calibrated for the same soil 
type (Antille, 2017), and used to estimate the water-filled 
pore space (eq. 5). All measurements from fertigated and 
non-fertigated soils were setup in triplicate (n=3) under 
both irrigation systems. 
 
 g b
WFPS
 


  (5) 
where WFPS is water-filled pore space (%), θg is 
gravimetric water content (g g
-1), ρb is soil bulk density (g 
cm
-3
), and  is total porosity (cm3 cm-3) (Linn and Doran, 
1984).  
STATISTICAL ANALYSES 
Statistical analyses used GenStat Release 16
th
 Edition 
(VSN International Ltd., 2013), and involved ANOVA. 
The least significant differences (LSD) were used to 
compare means with a probability level of 5% or 10% as 
indicated in the text depending upon the measurement. 
                                 
 
 
Figure 2. Overview of fertigated cotton crops at the experimental sites in Yargullen (QLD, Australia). Top left: overhead irrigation system; top 
right: furrow irrigation system; and bottom center: close-up of a cylindrical gas chamber placed in the crop interrow. 
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Statistical analyses were graphically assessed by means of 
residual plots and normalization of data was not required. 
Analytical values are reported as the mean ± standard 
deviation (SD). 
RESULTS AND DISCUSSION 
MINERAL NITROGEN IN SOIL AND WATER 
Figures 3 and 4 show soil mineral nitrogen (SMN) 
distribution along the furrows and within the soil profile 
(depth range: 0-600 mm), respectively, before and after 
irrigation as recorded in the 2013/2014 cotton season. 
Differences in SMN distribution along the furrows were 
mainly due to lower nitrate-N levels recorded after 
irrigation within the non-fertigated crop (P<0.05). Overall, 
SMN levels after application of fertilizer via fertigation 
were higher (range: ≈30-40 mg kg-1), than those recorded 
prior to irrigation (range: ≈20-30 mg kg-1), which was 
observed at the three locations along the furrows. Data in 
figures 3 and 4 shows that distribution of fertilizer-N 
applied through fertigation was relatively uniform both 
along the furrow and at depth. Slightly higher SMN 
concentrations in the 0-200 mm depth interval may be 
explained by the time at which fertigation was initiated 
relative to the start of the irrigation. Given that these soils 
exhibit a significant decrease in infiltration rates with 
respect to time (table 1), deep percolation of N applied as 
fertilizer is concurrently reduced when the start of 
fertigation is delayed relative to the start of the irrigation 
cycle. Soil cracks seal-off as irrigation is applied thereby 
reducing the risk of fertilizer-N losses through leaching. 
Where fertigation had not been applied, differences in 
SMN before and after irrigation suggested that native SMN 
leached below 600 mm deep, particularly within the first 
half along the furrow. Losses of nitrate in deep drainage in 
furrow-irrigated cotton systems in Australia are mentioned 
by Silburn et al. (2013) to be related to total rainfall and 
irrigation applied over the crop season. System’s 
optimization and improved management (flow rate, field 
length, and cut-off time) can significantly reduce deep 
losses of both water and nitrate (Silburn et al., 2013), 
particularly when effective rooting depth is not restricted 
by soil mechanical constraints (Dodd et al., 2013; Kodur et 
al., 2014). Granular fertilizer applied before planting needs 
to be placed at shallow depth (e.g., 50-100 mm) at the 
centerline of the hill or on the side, but near the ridgetop, to 
minimize the risk of N moving out of the root zone when 
irrigation is applied (Siyal et al., 2012). These observations 
are consistent with soil wetting patterns typically observed 
in furrow irrigation systems (Horst et al., 2007; Zhang et 
al., 2015), and suggested that the use of surge flow systems 
may allow for improved system’s performance for joint 
application of water and fertilizer-N (e.g., Izuno et al., 
1985; Boldt et al., 1994). By reducing infiltration rates, 
surge irrigation allows for smaller applications of water 
thereby reducing deep percolation (Yonts et al., 1996). 
Experimental work conducted for the sugar industry in 
Australia (e.g., Robertson et al., 2000) showed promising 
results derived from surge irrigation, but work on heavier 
soils (e.g., Wood et al., 2017) such as those used for cotton 
production is warranted.  
Measurements conducted at the furrows site in the 
2014/2015 season were fairly consistent with those 
 
Figure 3. Soil mineral nitrogen (N) distribution at three locations 
along the furrows (150, 300, 450-m, respectively) as recorded before 
and after irrigation or fertigation during the 2013/2014 cotton season. 
Mean values (n=27) for the measured 0-600 mm depth interval. 
 
Figure 4. Mineral nitrogen (N) distribution within the soil profile 
(depth interval: 0-600 mm) as recorded before and after irrigation or 
fertigation during the 2013/2014 cotton season. Mean values (n=27) 
for the three locations (150, 300, 450-m, respectively) along the 
furrows. 
 
Figure 5. Soil mineral nitrogen (N) distribution at three locations 
along the furrows (150, 300, 450-m, respectively) as recorded before 
and after irrigation or fertigation during the 2014/2015 cotton season. 
Mean values (n=27) for the 0-600 mm soil depth interval. 
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observed the previous year (figs. 5 and 6). Overall 
differences in SMN at the three locations along the furrows 
were not significant, which was observed in both the 
fertigated and non-fertigated strips (P-values >0.05), 
respectively. Differences in SMN before and after irrigation 
where fertigation had not been applied were not significant, 
which suggested improved cut-off time and therefore a 
relatively smaller leaching fraction allowed compared with 
2013-2014 (McCarthy et al., 2016). Differences in SMN at 
the three depth intervals (P<0.05) were attributed to 
relatively higher values observed in fertigated furrows 
within the top 200 mm of the profile (fig. 6). A relatively 
high variability in SMN data for the 0-200 mm depth 
interval (SD =23.03 mg kg
-1
 SMN) was observed, which 
also explained a significant effect at such depth. For the 
fertigation treatment, the statistical analysis showed that 
two data points corresponding to the sampling locations at 
150 m and 300 m down-furrow had large residuals. When 
these values were removed from the dataset, the statistical 
analysis showed no differences in SMN distribution within 
the soil profile (0-600 mm). However, the dataset is 
reported in full as this reflects the spatial variability in soil 
infiltration that is typical of Vertisols (Kishné et al., 2010).  
Figure 7 shows mineral N concentration in water during 
irrigation or fertigation from samples collected in the 
2013/2014 and 2014/2015 crop seasons. Differences in 
mineral N in water observed at the three locations down-
furrow were within <10 mg L
-1
 (P>0.05). This confirmed 
that N applied via fertigation was uniformly distributed 
along the furrows, which was therefore consistent with 
SMN data. Overall, no significant differences (P>0.05) in 
(mean) mineral N concentrations in water were found 
between underground water and water samples collected 
from non-fertigated furrows. However, there was relatively 
greater variability in the data derived from water collected 
from furrows during the irrigation events. The delivery of 
liquid fertilizer from the fertilizer tank to the irrigation 
system is not a continuous flow (McCarthy et al., 2016), 
which may explain relatively wider range of mineral N 
values observed in samples collected directly from the 
outlet of the irrigation system and from fertigated furrows 
after injection of fertilizer. Application of fertilizer through 
fertigation during the first-third to first-half of the irrigation 
event, but after irrigation had been initiated, proved 
satisfactory in terms of uniformity of distribution both 
down-furrow and within the measured soil depth interval 
(0-600 mm). This observation is in close agreement with an 
earlier study by Abbasi et al. (2012), which showed that 
fertilizer applied in the first half of the irrigation cycle 
significantly reduced losses through runoff and suggested 
that percolation below a depth of 500 mm would not be of 
concern in well-designed systems. By contrast, work 
conducted by Jaynes et al. (1988, 1992) showed significant 
solute losses by leaching because of long fertilizer injection 
time and continuous flood irrigation. Hence, it appears that 
the inflow rate, as specified in McCarthy et al. (2016), was 
correctly selected and therefore distribution uniformity of 
fertilizer applied via fertigation was relatively less sensitive 
to injection timing. Improved root solute uptake can also be 
achieved when fertigation is applied in the middle, instead 
of the beginning, of the irrigation event (Šimůnek et al., 
2016). 
 
Figure 6. Mineral nitrogen (N) distribution within the soil profile 
(depth interval: 0-600 mm) as recorded before and after irrigation or 
fertigation during the 2014/2015 cotton season. Mean values (n=27) 
for the three locations (150, 300, 450-m, respectively) along the 
furrows. 
 
Figure 7. Mineral nitrogen (N) in water recorded during irrigation or fertigation. Box plots show: Min, Q1, Med, Q3, and Max, respectively, for 
samples collected in the 2013/2014 and 2014/2015 crop seasons. ‘Pipe + Fertilizer’ denotes mineral N in water after injection of UAN (30% N, 
solution) to the gated pipe of the furrow system. Different letters indicate that mean values are significantly different at a 5% probability level, 
‘n’ is number of observations. 
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EFFECT OF FERTIGATION ON CROP 
Yield measurements conducted at the experimental sites 
are shown in figures 8 to 10 for all crop seasons. Overall, 
no statistical differences in yield (seed + lint) were 
observed between fertigated and non-fertigated crops (P-
values > 0.05). Despite this, N applied through fertigation, 
at the rate and timing used in this study, increased yield by 
an average of approximately 0.91 ± 1.24 bales per ha over 
the three crop seasons. In the 2014/2015 season, overall 
differences in yield between furrow and overhead irrigated 
crops (fig. 9) were significant at a 10% probability level 
(P=0.08). Nitrogen applied through fertigation increased 
yield by ≈0.6 and 0.9 bales per ha in the furrow and 
overhead systems, respectively, but differences between 
fertigated and non-fertigated crops were not significant 
(LSD 10% level: 1.93 bales per ha). Overall differences in 
yield observed at the three locations along the furrows 
(figs. 8 and 10) were only significant in the 2013/2014 
season (P<0.1), which was consistent with the SMN 
dataset. Yields observed in these experiments were 
comparable to the five-year (2012-2016) average 
(11.24 bales per ha) reported for the Australian cotton 
industry (Boyce Chartered Accountants, 2016), and 
compares to ≈16 bales per ha (3500 kg ha-1 of lint) 
potentially attainable under irrigated conditions in southern 
Queensland and northern New South Wales (Constable and 
Bange, 2015). 
Given the current price ratio N-fertilizer-to-lint 
(AUD 0.77 per kg N, AUD 450 per bale), application of N 
through fertigation appears to be economical. This price 
ratio is equivalent to the breakeven ratio and indicates the 
extra return of lint that just covers the extra unit of N 
added. At this point, the economic return from the N 
applied as fertilizer is maximized (Kachanoski, 2009). At 
low price ratios, growers tend to apply N at rates that are 
higher than the optimum rate, even though the economic 
return from the fertilizer applied diminishes. This approach 
is often perceived by Australian cotton growers as an 
‘insurance policy’ as yield penalties from sub-optimum 
fertilization of the crop will have a significant impact on 
gross margin, particularly when yield is likely not to be 
affected by seasonal effects of weather. Generally, this 
additional fertilizer cost does not translate into an equally 
significant economic loss to the grower that may result 
from loss of yield. In cotton, the cost N fertilizer is 
relatively small (about 10%-12% of total operating costs) 
compared with other components (e.g., energy, tillage, 
water) of the overall cost structure for the crop, particularly 
in irrigated systems (Boyce Chartered Accountants, 2016). 
Whilst the case-study reported here represents a low input 
N scenario compared with the median (>250 kg ha
-1
 N) and 
the top 30% (300-400 kg ha
-1
 N) of cotton growers (Boyce 
Chartered Accountants, 2016), from the environmental 
perspective, this has significant implications for N use 
efficiency and increased risk of N losses to the environment 
(Grace et al., 2016). 
 
Figure 8. The effect of fertigation on yield of cotton under furrow irrigation as recorded in the 2013/2014 crop season. Error bars on mean 
values (n=6) denote the standard deviation (SD). Use P>0.10 (Treatment, LSD 10% level: 634.6), P=0.01 (Distance, LSD 10% level: 732.8), and 1 
bale =227 kg of lint. 
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Agronomic efficiency calculations reported values 
between 21 and 46 kg kg
-1
 (fig. 11a). On average, 
agronomic efficiency in fertigated crop was approximately 
2 kg kg
-1
 higher in overhead compared to furrow (P=0.05), 
consistent with yield differences observed in both 
treatments. Nitrogen recoveries in seed for the 2013/2014 
and 2014/2015 cotton crops are shown in figure 11b from 
which N use efficiency (NUE) calculations were derived. 
Mean (±SD) values of NUE (kg kg
-1
) were: 0.50 ± 0.018 
(furrow, no fertigation), 0.46 ± 0.031 (furrow fertigation), 
0.44 ± 0.029 (overhead, no fertigation), and 0.39 ± 0.012 
(overhead fertigation), respectively. 
Previous studies by Rochester (2011, 2012) showed that 
cottonseed N can be used to assess whether the crop has 
been under or over-supplied with N-fertilizer. Based on the 
assumptions made in Rochester’s analyses, it was shown 
that a cottonseed N content of 3.5 ± 0.2% corresponded 
with the optimum N application rate. Seed-N concentra-
tions lower or higher than Rochester’s critical value would 
reflect suboptimal or excess supply of N-fertilizer, 
respectively. For both fertigated and non-fertigated crops, 
mean N concentrations in seed were within Rochester’s 
range in 2013/2014, but were higher in 2014/2015. The 
zero-N cotton crop (control) had significantly lower 
(P<0.05) seed-N concentrations (Antille, 2017). An 
increment of approximately 0.1% N concentration in seed 
above the optimum suggested by Rochester (2012) denotes 
an excess of fertilizer-N applied of ≈20 kg ha-1 N. These 
results also suggested that the N applied as fertilizer prior 
to planting, at the rates used to establish the commercial 
crop, plus soil N mineralized throughout the cropping 
season was sufficient to meet crop’s demand for N. 
 
Figure 9. The effect of fertigation on yield of cotton under furrow and overhead irrigation as recorded in the 2014/2015 crop season. Error bars 
on mean values (n=18) denote the standard deviation (SD). Use 1 bale=227 kg of lint. Data from the furrows site includes measurements at the 
three (150, 300, and 450-m) locations down-furrow. 
 
Figure 10. The effect of fertigation on yield of cotton under furrow irrigation as recorded in the 2015/2016 crop season. Error bars on mean 
values (n=6) denote the standard deviation (SD). Use P>0.10 (Treatment, LSD 10% level: 658.6), P>0.10 (Distance, LSD 10% level: 806.7), and 1 
bale =227 kg of lint. 
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Nitrogen recoveries may be significantly increased by 
reducing the N rate applied before planting to approximate-
ly one-third to half the total N applied as fertilizer, with the 
balance applied in-crop season in two or three splits 
depending on the rate.  
EFFECT OF FERTIGATION ON SHORT-TERM SOIL 
EMISSIONS 
Mean (daily) and cumulative nitrous oxide (N2O) fluxes 
are shown in figure 12. Overall differences in N2O 
emissions in the furrow system were approximately eight 
times higher than the overhead (P<0.05). Emissions from 
non-fertigated crops were approximately two times higher 
in furrow compared with overhead (P<0.05). Emissions 
from the fertigated crop under the overhead system were 
comparable to the non-fertigated crop in the furrow system 
(P>0.05). In both systems, fluxes were largest within the 
first three days of irrigation or fertigation, but decreased 
significantly after and were statistically similar after 15 
days (P>0.05). This observation was consistent with earlier 
work (e.g., Macdonald et al., 2017), which showed that 
gaseous losses of N occurred directly after fertilizer was 
applied. Cumulative emissions from fertigated crops over 
the 30-day period accounted for ≈0.8 kg ha-1 N2O-N and 
≈0.1 kg ha-1 N2O-N in furrow and overhead, respectively, 
which therefore represented 2% or less relative to the total 
N applied (40 kg ha
-1
 N) as fertilizer during the fertigation 
event. These losses compare with cumulative, year-round, 
emissions of approximately 1.10 to 1.90 kg ha
-1
 N2O-N 
measured by Scheer et al. (2016) from a Black Vertosol in 
a cotton-fallow sequence with N application rates between 
180 and 270 kg ha
-1
. Soil emissions of N2O often represent 
a small proportion of total N loss due to complete 
denitrification, however, recent research in irrigated cotton 
in southern Queensland has shown that the N2:N2O ratio 
may be as high as 70:1 (e.g., Grace et al., 2016). Mass N 
balance calculations for irrigated cotton in northern New 
South Wales (e.g., Macdonald et al., 2016) agree well with 
these observations. This consideration is more important 
for furrow compared with overhead systems because of 
higher irrigation rates normally applied with that system, 
which in these experiments were approximately 3 to 4 
times higher. Consequently, soil moisture conditions in 
furrow systems are higher and can be sustained for longer 
after irrigation has been applied. This influences the 
frequency and extent of wetting and drying cycles, and sets 
the conditions for increased N losses through denitrifica-
tion. Water-filled porosity data (WFPS, fig. 13) collected at 
the sites supports the above statements and agrees with 
earlier studies (e.g., Bremner and Shaw, 1958; Linn and 
Doran, 1984). Anaerobic soil conditions are known to 
enhance N2O production when labile forms of C and N are 
available (Mosier et al., 2004). In most soils, N2O 
emissions increase significantly when the water-filled pore 
space (WFPS) is >60% (Li et al., 2005), while above ≈80% 
WFPS the ratio N2:N2O also increases due to complete 
denitrification (Ruser et al., 2006). Soil oxygen (O2) 
concentrations and relative diffusivity of O2 decrease as 
WFPS increases, which encourages production of N2O and 
N2 under such conditions (Hmielowski, 2017). Nitrous 
oxide emissions are also dependent on N rate and tend to 
increase in a non-linear fashion above ≈250 kg ha-1 N (e.g., 
Hoben et al., 2011; Scheer et al., 2016), which may raise 
environmental concerns in furrow irrigated systems that 
have higher water and N inputs than those reported in these 
experiments. However, by reducing the rate of N applied 
prior to planting and allowing for N applications in-crop, 
the risk of significant N losses through gaseous evolution 
early on in the season will also reduce proportionally. At 
industry-level, this is an important consideration for N 
management since approximately 20% of growers applied 
all N-fertilizer before planting, and about 30% of growers 
applied 300 to 400 kg ha
-1
 N. 
 
 
 
Figure 11. The effect of fertigation on: (top) agronomic efficiency 
recorded for overhead (2014/2015) and furrow (from 2013/2014 to 
2015/2016) irrigated cotton crops, respectively, and (bottom) total 
seed-N. Box plots show: Min, Q1, Med, Q3, and Max, respectively. In 
(a), data for control (zero-N) was retrieved from Antille (2017). 
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Figure 13 shows that the irrigation event at day 0 
increased WFPS in the top 200 mm of the profile from 
approximately 45% (before irrigation) to 65% in the 
overhead and 75% in the furrows system, respectively. 
Wetter soil conditions persisted for longer in the furrows 
system compared with the overhead system in which WFPS 
decreased to less than 45% within five days of irrigation. 
Hence, N2O fluxes over the drying phase were also lower 
despite that soil nitrate levels recorded in this system were 
still high (31 ± 14.7 mg kg
-1
 NO3-N) seven days after 
fertigation was applied. A subsequent irrigation event (25 
mm) conducted at the overhead site 15 days after 
fertigation had no significant effects on N2O emissions 
because nitrate concentrations in soil dropped to less than 
15 mg kg
-1
 NO3-N, coupled with high rates of N uptake by 
the crop around peak flowering (Mullins and Burmester, 
1990).  
CONCLUSIONS 
The main conclusions derived from this work are: 
1. Differences in yield between fertigated and non-
fertigated crops were not significant and therefore 
fertigation may not be justified when pre-season N rates 
are already high (e.g., >100 kg ha
-1
 N). However, 
fertigation may be used when pre-season N application 
rates are low, particularly in overhead irrigation as 
significantly higher efficiencies both in terms of water 
and N use can be achieved. Fertigation enables some of 
the operational constraints associated with application of 
fertilizer in-crop season to be overcome, such as those 
commonly encountered with granular materials or 
anhydrous ammonia, which require soil incorporation. 
Given current price ratios (fertilizer-to-cotton), fertiga-
tion appears to be economical, but care must be 
exercised in furrow irrigation systems because of 
inherently higher risk of environmental losses, 
2. For the furrow irrigation system, the uniformity of 
distribution of N fertilizer applied through fertigation 
 
 
 
Figure 12. Short-term nitrous oxide (N2O) emissions recorded in 
fertigated and non-fertigated cotton under furrow and overhead 
irrigation (season: 2014/2015); (top): mean daily fluxes and (bottom) 
cumulative fluxes over the 30-day measuring period. Arrows (top 
image) denote the day before irrigation (-1) and the day irrigation (0, 
15) was applied, respectively. 
 
Figure 13. Water-filled pore space (WFPS) measured at the furrow and overhead sites, and mean soil (depth range: 0-100 mm) and air 
temperatures. The arrow on day 15 denotes the timing of a second irrigation event (25 mm) conducted at the overhead site. Error bars denote 
the standard deviation (SD) of the mean. Use n=4 for WFPS, and n=3 for temperature. Arrows denote the day before irrigation (-1) and the day 
irrigation (0, 15) was applied, respectively.  
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was satisfactory, which was achieved both at distance 
and depth. Greater control over the water applied to 
furrows, and improved placement of granular fertilizer 
before planting, will likely reduce the risk of deep 
percolation (>600 mm) of native soil mineral N. For the 
overhead system, there were advantages compared with 
the furrow system in terms of reduced N2O emissions 
following irrigation or fertigation, which were approxi-
mately eight times lower. Such results were attributed to 
differences in water-filled porosity and the extent of soil 
moisture drawdown observed within five days after 
fertigation was applied. Cumulative N2O losses over the 
30-day period accounted for ≈0.8 and 0.1 kg ha-1 N2O-N 
in furrow and overhead fertigated crops, respectively, 
and were consistent with the N rate applied as fertigation 
in both systems. These losses had little impact on 
agronomic efficiency calculations, 
3. One important possibility that could increase N use 
efficiency in the Australian cotton industry would be for 
a proportionally higher amount of fertilizer-N to be 
applied in-crop season and one way of doing this would 
be to improve the efficiency of fertigation methods 
available. Where possible, low-efficiency fertigation 
techniques such as ‘water-run’ urea need to be replaced. 
This may be possible as growers progressively convert 
from furrow (and flood) irrigation to overhead (and drip) 
irrigation systems allowing for greater degree of 
automation, and potentially joint optimization of water 
and N use (spatially-controlled inputs). Improved 
diagnostics of real-time crop requirements (stresses) 
may be also possible through a combination of simula-
tion-optimization approaches informed by crop and soil 
sensing technology (e.g., sensor fusion). 
FUTURE RESEARCH REQUIREMENTS 
The following research priorities were identified: 
1. Optimization of timing of fertigation relative to the 
irrigation cycle in furrow systems. Determine the 
feasibility and potential benefits of pre-irrigating the 
soil prior to fertigation to reduce infiltration rates and 
therefore deep percolation of fertilizer-N. Fertigation 
may be subsequently applied on pre-irrigated soil so as 
to minimize such losses. There is a need to ensure that 
potential reductions in losses of N by leaching do not 
lead to increased gaseous emissions (N2O, N2) both 
from soil and irrigation water containing fertilizer 
(pollution swap). Co-optimization of inflow rate with 
start and cut-off times, and duration of fertilizer 
injection is required to minimize N losses and improve 
recovery in crop. Future field-scale experimentation 
should be undertaken to determine emission factors for 
furrow and overhead irrigation, 
2. Improved diagnostic of N requirements for in-crop 
season fertilizer application. This requirement is being 
addressed by current CRDC-funded research into N 
use efficiency, including the need to quantify the 
contribution of mineral N derived from mineralization 
of soil organic matter. There is also a need to consider 
in more detail the N dynamics within furrow irrigated 
cotton systems that rely on low-cost fertigation tech-
niques (e.g., water-run urea) for in-crop season fertiliz-
er application. This is important because N2O emis-
sions are affected by fertilizer-N source (e.g., dissolved 
urea vs. UAN), and depend on site- and weather-
specific conditions (Snyder et al., 2009). Therefore, the 
evaluation of N lost through excess irrigation water 
leaving the field needs to be considered to assist 
furrow systems’ design, re-utilization of tail water and 
recovery of dissolved nutrients in such water, 
3. For overhead systems, there is a need to investigate the 
feasibility of adopting variable rate technology (VRT) 
for both water and N, and identifying effective adop-
tion pathways. In Australia, uptake of VRT for water 
and N management in cotton is low despite that 
benefits have been widely demonstrated for other 
cropping systems at commercial-scale farming. There 
is sufficient evidence to state that significant improve-
ments in N use efficiency, with the associated reduc-
tion in greenhouse gas emissions, can be achieved with 
VRT compared to uniform application. 
ACKNOWLEDGEMENTS 
This work received financial, operational and technical 
support from the Cotton Research and Development 
Corporation (Australian Government) and the National 
Centre for Engineering in Agriculture (NCEA) at the 
University of Southern Queensland (Toowoomba, 
Australia). The assistance given by cotton growers Neil and 
Lachlan Naas, on whose property (Yargullen, QLD) this 
study was conducted, and Dr A. C. McCarthy (NCEA) is 
gratefully acknowledged. Technical discussions with Dr C. 
Scheer (Queensland University of Technology, Brisbane, 
QLD) are appreciated. Soil, water and plant analyses were 
conducted by Mr I. Grant (Agricultural Chemistry Pty. 
Ltd., Ipswich, QLD). Gas samples were analyzed by Dr A. 
Marchuk at the Soils and Environmental Chemistry 
Laboratory (NCEA) with funding from the Australian 
Controlled Traffic Farming Association Inc. 
REFERENCES 
Abbasi, F., Rezaee, H. T., Jolaini, M., & Alizadeh, H. A. (2012). 
Evaluation of fertigation in different soils and furrow irrigation 
regimes. Irrig. Drain., 61(4), 533-541. 
https://doi.org/10.1002/ird.1646 
Angus, J. F., & Grace, P. R. (2017). Nitrogen balance in Australia 
and nitrogen use efficiency on Australian farms. Soil Res., 55(6), 
435-450. https://doi.org/10.1071/SR16325 
Antille, D. L. (2017). Evaluation of NEXEN™ stabilized nitrogen 
applied to overhead irrigated cotton. Final report. Melbourne, 
VIC, Australia: Koch Fertilizer Australia Pty Ltd. 
Antille, D. L., Chamen, W. C., Tullberg, J. N., & Lal, R. (2015). 
The potential of controlled traffic farming to mitigate 
greenhouse gas emissions and enhance carbon sequestration in 
arable land: A critical review. Trans. ASABE, 58(3), 707-731. 
https://doi.org/10.13031/trans.58.11049 
Australian Cotton CRC. (2001). NUTRIpak: A practical guide to 
cotton nutrition. I. Rochester (Ed.). Narrabri, NSW, Australia: 
Australian Cotton Cooperative Research Centre. Retrieved from 
http://www.cottoninfo.com.au/publications/nutripak 
Baligar, V. C., Fageria, N. K., & He, Z. L. (2001). Nutrient use 
 34(1):  13 
efficiency in plants. Commun. Soil Sci. Plant Analysis, 32(7-8), 
921-950. 
Bange, M. P., & Long, R. L. (2011). Optimizing timing of chemical 
harvest aid application in cotton by predicting its influence on 
fiber quality. Agron. J., 103(2), 390-395. 
https://doi.org/10.2134/agronj2010.0293 
Bange, M. P., Caton, S. J., & Milroy, S. P. (2008). Managing yields 
of high fruit retention in transgenic cotton (Gossypium hirsutum 
L.) using sowing date. Australian J. Agric. Res., 59(8), 733-741. 
https://doi.org/10.1071/AR07423 
Bange, M. P., Milroy, S. P., & Thongbai, P. (2004). Growth and 
yield of cotton in response to waterlogging. Field Crops Res., 
88(2), 129-142. https://doi.org/10.1016/j.fcr.2003.12.002 
Bar-Yosef, B. (1999). Advances in fertigation. In D. L. Sparks 
(Ed.), Advances in agronomy (Vol. 65, pp. 1-77). Academic 
Press. https://doi.org/10.1016/S0065-2113(08)60910-4 
Blake, G. R., & Hartge, K. H. (1986). Bulk density. In A. Klute 
(Ed.), Methods of soil analysis. Part I: Physical and 
mineralogical methods. (2nd ed., pp. 363-382). Madison, WI: 
SSSA. 
Boldt, A. L., Watts, D. G., Eisenhauer, D. E., & Schepers, J. S. 
(1994). Simulation of water applied nitrogen distribution under 
surge irrigation. Trans. ASAE, 37(4), 1157-1165. 
https://doi.org/10.13031/2013.28189 
BOM (Bureau of Meterology). (2016). Historic station data. 
Yargullen, Queensland, Australia: Bureau of Meteorology, 
Australian Government. Retrieved from 
http://www.bom.gov.au/qld/?ref=hdr 
Bouyoucos, G. J. (1962). Hydrometer method improved for making 
particle size analyses of soils. Agron. J., 54(5), 464-465. 
https://doi.org/10.2134/agronj1962.00021962005400050028x 
Boyce Chartered Accountants. (2016). Australian cotton 
comparative analysis: 2011 crop. Narrabri, NSW, Australia: 
Cotton Research and Development Corporation, Australian 
Government. Retrieved from 
http://www.boyceca.com/news/2016-australian-cotton-
comparative-analysis-released 
Braunack, M. V., Bange, M. P., & Johnston, D. B. (2012). Can 
planting date and cultivar selection improve resource use 
efficiency of cotton systems? Field Crops Res., 137, 1-11. 
https://doi.org/10.1016/j.fcr.2012.08.018 
Bremner, J. M. (1960). Determination of nitrogen in soil by the 
Kjeldahl method. J. Agric. Sci., 55(1), 11-33. 
https://doi.org/10.1017/S0021859600021572 
Bremner, J. M., & Shaw, K. (1958). Denitrification in soil. II. 
Factors affecting denitrification. J. Agric. Sci., 51(1), 40-52. 
https://doi.org/10.1017/S0021859600032779 
Cassel, D. K., & Nielsen, D. R. (1986). Field capacity and available 
water capacity. In A. Klute (Ed.), Methods of soil analysis, Part 
I: Physical and mineralogical methods. Agron. Monograph 9 
(pp. 901-926). Madison, WI: ASA. 
Chadwick, D. R., Cardenas, L., Misselbrook, T. H., Smith, K. A., 
Rees, R. M., Watson, C. J.,... Dhanoa, M. S. (2014). Optimizing 
chamber methods for measuring nitrous oxide emissions from 
plot-based agricultural experiments. European J. Soil Sci., 65(2), 
295-307. https://doi.org/10.1111/ejss.12117 
Chantigny, M. H. (2003). Dissolved and water-extractable organic 
matter in soils: A review on the influence of land use and 
management practices. Geoderma, 113(3), 357-380. 
https://doi.org/10.1016/S0016-7061(02)00370-1 
Christensen, S. (1983). Nitrous oxide emission from a soil under 
permanent grass: Seasonal and diurnal fluctuations as influenced 
by manuring and fertilization. Soil Biol. Biochem., 15(5), 531-
536. https://doi.org/10.1016/0038-0717(83)90046-9 
Colwell, J. D. (1963). The estimation of the phosphorus fertilizer 
requirements of wheat in southern New South Wales by soil 
analysis. Australian J. Exp. Agric., 3(10), 190-197. 
https://doi.org/10.1071/EA9630190 
Constable, G. A., & Bange, M. P. (2015). The yield potential of 
cotton (Gossypium hirsutum L.). Field Crops Res., 182, 98-106. 
https://doi.org/10.1016/j.fcr.2015.07.017 
CRDC. (2016). Qualitative report on the 2015-16 cotton season: A 
survey of consultants. Narrabri, NSW, Australia: Cotton 
Research and Development Corporation. Retrieved from 
http://www.crdc.com.au/sites/default/files/pdf/Cotton%20Consu
ltants%20Survey%202015-16_Report_Email.pdf 
Dang, D. M., Macdonald, B., Warneke, S., & White, I. (2017). 
Available carbon and nitrate increase greenhouse gas emissions 
from soils affected by salinity. Soil Res., 55(1), 47-57. 
https://doi.org/10.1071/SR16010 
De Klein, C. A., & Harvey, M. J. (Eds.). (2015). Nitrous oxide 
chamber methodology guidelines. Ver. 1.1. Wellington, New 
Zealand: Ministry for Primary Industries. Retrieved from 
http://globalresearchalliance.org/wp-
content/uploads/2015/11/Chamber_Methodology_Guidelines_Fi
nal-V1.1-2015.pdf 
Dodd, K., Guppy, C. N., Lockwood, P. V., & Rochester, I. J. 
(2013). Impact of waterlogging on the nutrition of cotton 
(Gossypium hirsutum L.) produced in sodic soils. Crop Pasture 
Sci., 64(8), 816-824. https://doi.org/10.1071/CP13093 
Ennis, W. B. (1955). Weed control in principal crops of the 
southern United States. In A. G. Norman (Ed.), Advances in 
Agronomy (Vol. 7, pp. 251-297). Academic Press. 
https://doi.org/10.1016/S0065-2113(08)60340-5 
Grace, P., Shcherbak, I., Macdonald, B., Scheer, C., & Rowlings, D. 
(2016). Emission factors for estimating fertiliser-induced nitrous 
oxide emissions from clay soils in Australia’s irrigated cotton 
industry. Soil Res., 54(5), 598-603. 
https://doi.org/10.1071/SR16091 
Hedayati, M., Brock, P. M., & Simmons, A. T. (2015). How 
sensitive is the calculated climate change impact of cotton 
production in North West New South Wales to fertiliser-related 
N2O emission values? Proc. 1st Australian Conf. Life Cycle 
Assessment for Agriculture and Food. Retrieved from 
https://www.researchgate.net/publication/285120204 
Hmielowski, T. (2017). Measuring nitrous oxide emissions from 
agriculture. Crops Soils Agron. News, 62(4), 10-13. 
https://doi.org/10.2134/csa2017.62.0413 
Hoben, J. P., Gehl, R. J., Millar, N., Grace, P. R., & Robertson, G. 
P. (2011). Nonlinear nitrous oxide (N2O) response to nitrogen 
fertilizer in on-farm corn crops of the US Midwest. Global 
Change Biol., 17(2), 1140-1152. https://doi.org/10.1111/j.1365-
2486.2010.02349.x 
Hodgson, A. S., & MacLeod, D. A. (1988). Seasonal and soil 
fertility effects on the response of waterlogged cotton to foliar-
applied nitrogen fertilizer. Agron. J., 80(2), 259-265. 
https://doi.org/10.2134/agronj1988.00021962008000020021x 
Horst, M. G., Shamutalov, S. S., Goncalves, J. M., & Pereira, L. S. 
(2007). Assessing impacts of surge-flow irrigation on water 
saving and productivity of cotton. Agric. Water Manag., 87(2), 
115-127. https://doi.org/10.1016/j.agwat.2006.06.014 
Hou, Z., Li, P., Li, B., Gong, J., & Wang, Y. (2007). Effects of 
fertigation scheme on N uptake and N use efficiency in cotton. 
Plant Soil, 290(1-2), 115-126. https://doi.org/10.1007/s11104-
006-9140-1 
Hulugalle, N. R., McCorkell, B., Heimoana, V. F., & Finlay, L. A. 
(2016). Soil properties under cotton-corn rotations in Australian 
cotton farms. J. Cotton Sci., 20(4), 294-298. 
Isbell, R. F. (2002). The Australian soil classification. Melbourne, 
Australia: CSIRO. 
14  APPLIED ENGINEERING IN AGRICULTURE 
Izuno, F. T., Podmore, T. H., & Duke, H. R. (1985). Infiltration 
under surge irrigation. Trans. ASAE, 28(2), 517. 
https://doi.org/10.13031/2013.32289 
Jaynes, D. B., Rice, R. C., & Bowman, R. S. (1988). Transport of a 
conservative tracer in the field under continuous flood irrigation. 
SSSAJ, 52(3), 618-624. 
https://doi.org/10.2136/sssaj1988.03615995005200030003x 
Jaynes, D. B., Rice, R. C., & Hunsaker, D. J. (1992). Solute 
transport during chemigation of a level basin. Trans. ASAE, 
35(6), 1809-1815. https://doi.org/10.13031/2013.28800 
Kachanoski, R. G. (2009). Crop response to nitrogen fertilizer: The 
delta yield concept. Canadian J. Soil Sci., 89(5), 543-554. 
https://doi.org/10.4141/CJSS09003 
Kishne, A. S., Morgan, C. L., Ge, Y., & Miller, W. L. (2010). 
Antecedent soil moisture affecting surface cracking of a Vertisol 
in field conditions. Geoderma, 157(3), 109-117. 
https://doi.org/10.1016/j.geoderma.2010.03.020 
Kodur, S., Robinson, J. B., Foley, J. L., & Silburn, D. M. (2014). 
Deep drainage estimates for irrigated crop rotations in 
subhumid, subtropical Australia. Irrig. Drain., 63(5), 692-697. 
https://doi.org/10.1002/ird.1872 
Li, Y., Chen, D., Zhang, Y., Edis, R., & Ding, H. (2005). 
Comparison of three modeling approaches for simulating 
denitrification and nitrous oxide emissions from loam-textured 
arable soils. Global Biogeochem. Cycles, 19(3). 
https://doi.org/10.1029/2004GB002392 
Linn, D. M., & Doran, J. W. (1984). Effect of water-filled pore 
space on carbon dioxide and nitrous oxide production in tilled 
and nontilled soils. SSSAJ, 48(6), 1267-1272. 
https://doi.org/10.2136/sssaj1984.03615995004800060013x 
Macdonald, B. C. T., Chang, Y. F., & Warneke, S. (2016). Potential 
contributions of surface and ground water to nitrous oxide 
emissions from irrigated cotton production systems. Agric. 
Water Manag., 168, 78-84. 
https://doi.org/10.1016/j.agwat.2016.01.018 
Macdonald, B. C. T., Chang, Y. F., Nadelko, A., Tuomi, S., & 
Glover, M. (2017). Tracking fertiliser and soil nitrogen in 
irrigated cotton: Uptake, losses and the soil N stock. Soil Res., 
55(3), 264-272. https://doi.org/10.1071/SR16167 
Macdonald, B. C. T., Rochester, I. J., & Nadelko, A. (2015). High 
yielding cotton produced without excessive nitrous oxide 
emissions. Agron. J., 107(5), 1673-1681. 
https://doi.org/10.2134/agronj14.0369 
MAFF. (1986). The analysis of agricultural materials. Reference 
Book No.: 427 (3rd ed.). London: Stationery Office. 
McCarthy, A. C., Hancock, N. H., & Raine, S. R. (2010). 
VARIwise: A general-purpose adaptive control simulation 
framework for spatially and temporally varied irrigation at sub-
field scale. Comput. Electron. Agric., 70(1), 117-128. 
https://doi.org/10.1016/j.compag.2009.09.011 
McCarthy, A., Antille, D. L., Skowronski, V., Zhao, B., Kodur, S., 
Nguyen-Ky, T., & Raine, S. (2016). Advancing VARIwise 
towards autonomous irrigation and a grower’s guide. Final 
Report CRDC Project No.: NEC1401 submitted to the Cotton 
Research and Development Corporation Australian 
Government. NCEA Publ. No.: 1005422/16/1. Toowoomba, 
QLD, Australia: National Centre for Engineering in Agriculture, 
University of Southern Queensland. 
Melland, A. R., Antille, D. L., & Dang, Y. P. (2017). Effects of 
strategic tillage on short-term erosion, nutrient loss in runoff and 
greenhouse gas emissions. Soil Res., 55(3), 201-214. 
https://doi.org/10.1071/SR16136 
Mosier, A., Wassmann, R., Verchot, L., King, J., & Palm, C. 
(2004). Methane and nitrogen oxide fluxes in tropical 
agricultural soils: Sources, sinks and mechanisms. Environ. 
Development Sustainability, 6(1), 11-49. 
https://doi.org/10.1023/B:ENVI.0000003627.43162.ae 
Mullins, G. L., & Burmester, C. H. (1990). Dry matter, nitrogen, 
phosphorus, and potassium accumulation by four cotton 
varieties. Agron. J., 82(4), 729-736. 
https://doi.org/10.2134/agronj1990.00021962008200040017x 
Parr, J. F., & Bertrand, A. R. (1960). Water infiltration into soils. In 
A. G. Normax (Ed.), Advances in Agronomy (Vol. 12, pp. 311-
363). Academic Press. https://doi.org/10.1016/S0065-
2113(08)60086-3 
Pittaway, P., Antille, D. L., & Melland, A. R. (2017). Fertiliser N in 
root exclusion tubes monitored over a cotton growing season. 
Proc. Australian Cotton Research Conf. SciCott: Cotton Science 
Delivering Impact. Assoc. Australian Cotton Scientists. 
Retrieved from 
https://www.conferenceonline.com/site_templet/images/group0/
site70/S36-PamPittaway.pdf 
Rayment, G. E., & Lyons, D. J. (2011). Soil chemical methods: 
Australasia. Collingwood, VIC, Australia: CSIRO. 
Robertson, L. N., Giblin-Davis, R. M., Oehlschlager, A. C., & 
Gries, R. (2000). State-wide adoption of best irrigation practices 
for supplementary and full irrigation districts. SRDC Final 
Report Project BS183S. Indooroopilly, QLD, Australia: Sugar 
Research Australia. Retrieved from 
http://elibrary.sugarresearch.com.au/handle/11079/915 
Rochester, I. J. (2011). Assessing internal crop nitrogen use 
efficiency in high-yielding irrigated cotton. Nutrient Cycling 
Agroecosyst., 90(1), 147-156. https://doi.org/10.1007/s10705-
010-9418-9 
Rochester, I. J. (2012). Using seed nitrogen concentration to 
estimate crop N use-efficiency in high-yielding irrigated cotton. 
Field Crops Res., 127, 140-145. 
https://doi.org/10.1016/j.fcr.2011.11.018 
Rochester, I. J., & Bange, M. (2016). Nitrogen fertiliser 
requirements of high-yielding irrigated transgenic cotton. Crop 
Pasture Sci., 67(6), 641-648. https://doi.org/10.1071/CP15278 
Rochester, I. J., & Constable, G. A. (2000). Denitrification and 
immobilisation in flood-irrigated alkaline grey clays as affected 
by nitrification inhibitors, wheat straw, and soil texture. Soil 
Res., 38(3), 633-642. https://doi.org/10.1071/SR99080 
Roth, G., Harris, G., Gillies, M., Montgomery, J., & Wigginton, D. 
(2013). Water-use efficiency and productivity trends in 
Australian irrigated cotton: A review. Crop Pasture Sci., 64(11-
12), 1033-1048. https://doi.org/10.1071/CP13315 
Ruser, R., Flessa, H., Russow, R., Schmidt, G., Buegger, F., & 
Munch, J. C. (2006). Emission of N2O, N2 and CO2 from soil 
fertilized with nitrate: Effect of compaction, soil moisture and 
rewetting. Soil Biol. Biochem., 38(2), 263-274. 
https://doi.org/10.1016/j.soilbio.2005.05.005 
Scarsbrook, C. E., Bennett, O. L., & Pearson, R. W. (1959). The 
interaction of nitrogen and moisture on cotton yields and other 
characteristics. Agron. J., 51(12), 718-721. 
https://doi.org/10.2134/agronj1959.00021962005100120007x 
Scheer, C., Grace, P. R., Rowlings, D. W., & Payero, J. (2013). Soil 
N2O and CO2 emissions from cotton in Australia under varying 
irrigation management. Nutrient Cycling Agroecosyst., 95(1), 
43-56. https://doi.org/10.1007/s10705-012-9547-4 
Scheer, C., Rowlings, D. W., & Grace, P. R. (2016). Non-linear 
response of soil N2O emissions to nitrogen fertiliser in a cotton-
fallow rotation in sub-tropical Australia. Soil Res., 54(5), 494-
499. https://doi.org/10.1071/SR14328 
 34(1):  15 
Silburn, D. M., Foley, J. L., Biggs, A. J., Montgomery, J., & 
Gunawardena, T. A. (2014). The Australian Cotton Industry and 
four decades of deep drainage research: A review. Crop Pasture 
Sci., 64(11-12), 1049-1075. 
Simunek, J., Bristow, K. L., Helalia, S. A., & Siyal, A. A. (2016). 
The effect of different fertigation strategies and furrow surface 
treatments on plant water and nitrogen use. Irrig. Sci., 34(1), 53-
69. https://doi.org/10.1007/s00271-015-0487-z 
Siyal, A. A., Bristow, K. L., & Simunek, J. (2012). Minimizing 
nitrogen leaching from furrow irrigation through novel fertilizer 
placement and soil surface management strategies. Agric. Water 
Manag., 115, 242-251. 
https://doi.org/10.1016/j.agwat.2012.09.008 
Snipes, C. E., & Mueller, T. C. (1992). Cotton (Gossypium 
hirsutum) yield response to mechanical and chemical weed 
control systems. Weed Sci., 40(2), 249-254. 
https://doi.org/10.1017/S0043174500057301 
Snyder, C. S., Bruulsema, T. W., Jensen, T. L., & Fixen, P. E. 
(2009). Review of greenhouse gas emissions from crop 
production systems and fertilizer management effects. Agric. 
Ecosyst. Environ., 133(3), 247-266. 
https://doi.org/10.1016/j.agee.2009.04.021 
Subramani, J., & Martin, E. C. (2012). Effects of every furrow vs. 
Every other furrow surface irrigation in cotton. Appl. Eng. 
Agric., 28(1), 39-42. https://doi.org/10.13031/2013.41284 
Tennakoon, S. B., & Milroy, S. P. (2003). Crop water use and water 
use efficiency on irrigated cotton farms in Australia. Agric. 
Water Manag., 61(3), 179-194. https://doi.org/10.1016/S0378-
3774(03)00023-4 
Tullberg, J., Antille, D. L., Bluett, C., Eberhard, J., & Scheer, C. 
(2018). Controlled traffic farming effects on soil emissions of 
nitrous oxide and methane. Soil Tillage Res., 176, 18-25. 
https://doi.org/10.1016/j.still.2017.09.014 
van der Weerden, T. J., Kelliher, F. M., & de Klein, C. A. M. 
(2012). Influence of pore size distribution and soil water content 
on nitrous oxide emissions. Soil Res., 50(2), 125-135. 
https://doi.org/10.1071/SR11112 
VSN International. (2013). GenStat Release. Reference manual. 
Hemel Hempstead, U.K.: VSN Int. 
Walkley, A., & Black, I. A. (1934). An examination of the 
Degtjareff method for determining soil organic matter, and a 
proposed modification of the Chromic Acid Titration method. 
Soil Sci., 37(1), 29-38. 
Wallace, S., & Rochester, I. (2013). Fertigation. In WATERpak 
Section 5.7. Retrieved from 
http://www.moreprofitperdrop.com.au/wp-
content/uploads/2013/10/WATERpak-5_7-Fertigation.pdf 
Wang, X., Deng, Z., Zhang, W., Meng, Z., Chang, X., & Lv, M. 
(2017). Effect of waterlogging duration at different growth 
stages on the growth, yield and quality of cotton. PLoS One, 
12(1), e0169029. https://doi.org/10.1371/journal.pone.0169029 
Wei, C. Z., Ma, T. F., Wang, X. J., & Wang, J. (2012). The fate of 
fertilizer N applied to cotton in relation to irrigation methods and 
N dosage in arid area. J. Arid Land, 4(3), 320-329. 
https://doi.org/10.3724/SP.J.1227.2012.00320 
Weier, K. L., Doran, J. W., Power, J. F., & Walters, D. T. (1993). 
Denitrification and the dinitrogen/nitrous oxide ratio as affected 
by soil water, available carbon, and nitrate. SSSAJ, 57(1), 66-72. 
https://doi.org/10.2136/sssaj1993.03615995005700010013x 
Wood, C. W., Krutz, L. J., Falconer, L., Pringle, H. C., Henry, B., 
Irby, T.,... Pickelmann, D. M. (2017). Surge irrigation reduces 
irrigation requirements for soybean on smectitic clay-textured 
soils. Crop Forage Turfgrass Manag., 3(1). 
https://doi.org/10.2134/cftm2017.04.0026 
Younts, C. D., Eisenhauer, D. E., & Fekersillassie, D. (1996). 
Impact of surge irrigation on furrow water advance. Trans. 
ASAE, 39(3), 973-979. https://doi.org/10.13031/2013.27584 
Yule, D. F., & Ritchie, J. T. (1980). Soil shrinkage relationships of 
Texas Vertisols: II. Large cores. SSSAJ, 44(6), 1291-1295. 
https://doi.org/10.2136/sssaj1980.03615995004400060032x 
Zhang, Y.-Y., Zhao, X.-N., & Wu, P.-T. (2015). Soil wetting 
patterns and water distribution as affected by irrigation for 
uncropped ridges and furrows. Pedosphere, 25(3), 468-477. 
https://doi.org/10.1016/S1002-0160(15)30014-X 
 
 
 
